We aimed to characterize objective and subjective sleepiness and driving events during short work commutes and examine the impact of circadian and homeostatic factors across different shift types in a shift worker population. Thirty-three nurses were monitored for 2 weeks over day (07:00-15:30), evening (13:00-21:30), and night shifts (21:00-07:30). Sleep was measured via daily sleep logs and wrist actigraphy. Driving logs were completed for each work commute, reporting driving events and a predrive Karolinska Sleepiness Scale (KSS). Ocular data from a subset of participants (n = 11) assessed objective sleepiness using infrared oculography during commutes. Circadian phase was assessed at three time points via urinary 6-sulphatoxymelatonin (aMT6s) collected over 24-48 hours. Subjective and objective sleepiness and sleep-related and hazardous driving events significantly increased following night shift compared with preshift. There were significant shift differences with KSS, sleep-related and inattention-related events highest during the postnight shift commute, compared with day and evening shifts. Sleep-related events were highest following the first night shift, while inattention-related events were most frequent after consecutive night shifts. KSS, sleep-related and hazardous events were increased during drives following ≥16 hours of wakefulness. KSS and sleep-related events increased during drives within ±3 hours of aMT6s acrophase. An interaction between homeostatic and circadian processes was observed, with KSS and sleep-related events highest within ±3 hours of acrophase, when wakefulness was ≥16 hours. In naturalistic conditions, subjective and objective sleepiness and driving events are increased following night shifts, even during short (~30 minutes) commutes and exacerbated by an interaction between circadian phase and duration of wakefulness.
Introduction
Approximately 20%-30% of all motor vehicle crashes (MVCs) are sleep-related, making sleepiness one of the leading causes of preventable deaths on the road [1, 2] . The risks of MVCs are particularly prominent on commuter drives (the drives to and from work). The vast majority of research into drowsy driving has focused on drives of a longer duration (e.g. 2 or more hours) [3] [4] [5] , however typical commute times are often shorter; in most Australian cities, commute times average around 30 minutes [6] . Public safety campaigns for raising awareness of drowsy driving in Australia have largely been targeted towards longer duration drives, encouraging drivers to take rest breaks after extended periods of driving (e.g. the Driver Reviver campaign) [7] . Less has been done to raise public awareness of the risk of sleepiness during shorter duration drives, including their daily work commute.
Shift workers make up approximately 16% of the work force and engage in a variety of shift types including day, evening, and night shifts [8] . Shift work is associated with increased risks of workplace accident and injury, including during the work commute [3, 9, 10] . Driving performance fluctuates with time of day, with performance becoming increasingly impaired during the early hours of the morning, around the time night shift workers are commuting home [11, 12] . Most studies to date only infer the role of the circadian system on driver performance from the time of day and have not objectively measured circadian phase directly [3, 13, 14] . There are large interindividual differences in circadian phase, of often 5 hours or more, even when measured under identical controlled conditions [15, 16] , rendering measures taken at the same clock time potentially many hours different in circadian time between individuals. These interindividual differences are even larger in a shift work population [17] , making time of day insufficient to examine the impact of circadian phase on driving performance. Furthermore, shifts other than night shift may also be impacted by sleepiness due to driving at inopportune circadian times, such as an early morning commute to day shifts [18] .
In addition to circadian phase, waking function and therefore driving performance is influenced by homeostatic processes, including the duration of time spent awake [19] . Driving after extended periods of wakefulness increases the occurrence of driving performance impairment, with driving impairment revealed from as early as 13 hours of wakefulness [3, 5, 20, 21] . In addition to the impact of acute sleep loss due to continuous time awake, shift worker's sleep is often shorter and more fragmented than regular workers, resulting in additional chronic sleep deficiency and increased homeostatic sleep pressure [22, 23] . Most studies to date that examined both sleepiness and driving performance in shift workers during the work commute have focused on single postnight shift commutes [3, 24, 25] . Few studies have examined the impact of sequential night shifts on sleepiness and driving performance, which has the potential to be exacerbated by chronic sleep deficiency [26, 27] . The contribution of both time of day variation and extended wakefulness to sleep-related driving impairment has been studied extensively in driving simulator and track studies [11, 13, 28] . Few studies have however, systematically examined the circadian and homeostatic influences on driving in shift workers in naturalistic environments [3, 5, 13, 24] . The commute home after a night shift often combines these factors with a long wake episode coinciding with an adverse circadian phase, on a background of chronic sleep loss, making it a particularly vulnerable time for accidents [5, 25, 29] .
The present study aimed to characterize subjective and objective sleepiness and self-reported driving events on nurses working day, evening, and night shifts, in a naturalistic setting. Furthermore, we aimed to examine the impact of circadian timing, measured as the peak in urinary concentration of the melatonin metabolite 6-sulphatoxymelatonin (aMT6s), and the homeostatic process, quantified as duration of continuous wakefulness, on self-reported driving events and subjective sleepiness, in nurses working shift work.
Methods

Participants
Thirty-three Intensive Care Unit (ICU) nurses from Austin Health, a metropolitan hospital in Melbourne, Australia, were studied. Most participants were female (n = 26), with a mean age of 34.06 ± 11.47 years and were on average moderate evening types, with no morning types in the sample, as measured by the Morningness-Eveningness Composite Questionnaire (MEQ 38.97 ± 6.47, Table 1 ). They were all experienced drivers, with a minimum of 4 years of driving experience (range 4-40 years).
Participants were recruited through scheduled in-service presentations, poster and e-mail advertisements and targeted recruitment during work shifts. Nurses were deemed eligible to participate if they worked regular rotating shifts in the ICU and drove a minimum of 5 minutes in a motor vehicle commuting to work. Participation dates were determined from participant rosters and were approximately 2 weeks in duration, with participants prioritized for data collection if they were working day/evening shifts followed by at least two consecutive night shifts. This shift schedule of rotation between day or evening shifts to night shifts was common for ICU nurses at this hospital, with 74% of nurses rotating between day, evening and night shifts. Participants worked various combinations of day (07:00-15:30 hours), evening (13:00-21:30 hours), and night shifts (21:00-07:30 hours, see Figure 1 ). All participants provided written informed consent and were paid AU$100 upon completion of the study. The protocol was approved by the Austin Health and Monash University Human Research Ethics Committees (HREC).
Procedures
Participants completed a series of online questionnaires, assessing demographic information, medication use, [30] . Participants were instructed to maintain usual sleep, work, and driving behavior during their participation. Sleep-wake behavior was monitored throughout using wrist actigraphs (Actiwatch Spectrum or Actiwatch Spectrum Plus, Respironics Inc, Bend, OR). Actigraphs were worn on the nondominant wrist to continuously record activity in 1-minute epochs (medium sensitivity; 40 activity counts per epoch). Sleep logs were completed daily to report bed and wake times, sleep quality and night time awakenings. Self-reported bed and wake time were used to determine the actigraphic analysis interval for each sleep episode (Actiware 6 software, Respironics Inc). If there was a substantial reduction in activity and light ≥ 30 minutes before or after self-reported bedtime, or a substantial increase ≥ 30 minutes before or after self-reported wake time, sleep and wake times were adjusted to the start of the period of decreased or increased activity, respectively [31] . Participants completed daily work logs in which they reported scheduled and actual work times. The accuracy of self-report work logs was checked against unit rosters and payroll records.
In a self-report driving log participants recorded start and end times of each drive, drive destination (work, home, other), a pre-and postdrive Karolinska Sleepiness Scale (KSS), traffic conditions, drive complexity, and road and weather conditions [24, 25, 32] . Traffic conditions were rated on a scale of 1 (very quiet, no traffic) to 4 (very busy, peak traffic). Events that occurred during each drive were identified from the following list: fighting to stay awake, resting eyes, braked sharply, fixation on interior/exterior object, drove through a stop light, fell asleep at a stop light, being distracted, lack of awareness, hit roadside rumble strips, drifting in lane, pulled over for a nap, and swerved violently [24, 25] .
Ocular measures were obtained via infrared reflectance oculography using the Optalert system (Optalert 6.0.4 and Eagle portable device, Richmond, VIC, Australia) [24, 33] . Only participants who had commutes longer than 10 minutes and did not wear prescription glasses for driving were provided with the oculography system (n = 21). Participants were asked to wear the oculography glasses for all commutes to and from work, allowing 4 minutes for the device to calibrate prior to commencing each drive. Commercial drowsiness warnings were disabled for the duration of the study. The oculography system provides various measures of eyelid movements during blinks, averaged over 1-minute intervals. The following variables were analyzed: negative inter-event duration (IED), the time (seconds) between the maximum closing velocity of the eyelid and its maximum reopening velocity [34] ; percentage of long eye closures, the percentage of long eyelid closures per minute [34] ; Percentage of Time with Eyes Closed (PERCLOS), the percentage of time in a minute that the eyes are closed [34] ; mean blink total duration, the mean duration (seconds) of the closing, closed and reopening phases of a blink [35] ; negative amplitudevelocity ratio, the ratio of the maximum amplitude to maximum velocity of eyelid movement in the reopening phase of the blink [34] ; and Johns Drowsiness Scale (JDS), a measure of drowsiness calculated by combining ocular variables using a proprietary algorithm. JDS is calculated on a scale of 0 to 10, where scores of 4.5-4.9 indicate a cautionary level of drowsiness, and scores of greater than 5 indicate critical levels of drowsiness [36] .
Circadian phase was assessed at multiple time points throughout the study: during the last rostered day shift in a series of day and/or evening shifts or days off, and on the first and last night shift in a series of consecutive night shifts. Circadian phase was measured from urinary 6-sulphatoxymelatonin (aMT6s) rhythms [14] . For each assessment multiple urine samples were collected over 24-48 hours, approximately every 4 hours during wake and 8 hours during sleep [17] . Participants recorded the sample collection time and total void volume for each sample, before taking a 5 mL aliquot. Samples were stored at −20°C and were later analyzed for aMT6s concentration at the Adelaide Research Assay Facility (University of Adelaide, Australia) using radioimmunoassay, with reagents purchased from Stockgrand Ltd (University of Surrey, Guildford, UK) [37] . Details of the assay limits and intra-assay coefficients of variation have been reported previously [17] . Cosinor analysis was then performed to determine aMT6s acrophase for each assessment [38] .
Data Analysis
Sleep variables (time in bed, total sleep time, sleep onset latency, wake after sleep onset, and sleep efficiency) were calculated for both actigraphic determined sleep and self-reported sleep for every main sleep episode (≥2 hours) prior to each shift (day, evening, first night, consecutive nights [night shifts 2-6] and days off). Where there was more than one main sleep episode before a shift (n = 2, split sleeps of ≥2 hours each), the sum was taken for analysis.
Self-reported driving events were categorized into four event types (sleep-related, inattention, hazardous, and violation) as described previously [24, 39] . Due to few occurrences, the violation events (n = 4, 0.9% of drives) category was excluded from further analysis. Driving events were converted into a rate of events/hour to control for drive duration.
To examine shift differences in sleep and self-reported driving events, data were categorized by shift type (day shift, evening shift, first night shift, and consecutive nights [nights 2-6]). Preliminary analyses found no significant differences between sleep and self-reported driving events between a second, third or fourth consecutive night shift; therefore, all consecutive night shifts were grouped for analysis. As participants worked varying shift schedules, they contributed a different amount of data to each shift type. Linear mixed models were conducted with participant included as a random factor. Shift type was used as a fixed effect to examine differences in sleep variables between shift types (day, evening, first night shift, consecutive night shifts, and days off). All linear mixed models presented were analyzed using IBM SPSS Statistics 24.0 (IBM Corp., Armonk, NY); using an auto-regressive covariance structure (AR1) for repeated measures [40] , and are corrected for multiple comparisons using the Benjamini-Hochberg procedure [41] . All linear mixed model data are presented as estimated marginal means ± standard error [40] .
Predrive KSS, sleep-related, inattention, and hazardous driving event rates were all analyzed using linear mixed models for differences between shift types (day, evening, first night, and consecutive night shifts) and differences between pre-and postshift drives. Traffic rating was entered into all driving event models as a random covariate and included in the final model if it significantly improved the model, measured by a significant change in the Corrected Akaike Information Criterion (AICC, p < .05, Supplementary Table S1 ) [40] . Pearson correlations were conducted between predrive KSS and sleep-related, hazardous and inattention event rates to determine if predrive subjective sleepiness was associated with driving event rates.
Ocular data were visually inspected for signal quality, with minute epochs excluded if >50% of the signal was poor quality (see Supplementary Material). Ocular data were analyzed for differences between shift types (day, evening, and night shifts) and pre-and postshift drives. Shift differences on preand postshift drives were examined using Kruskal-Wallis nonparametric tests, with significant differences followed up using Mann-Whitney nonparametric tests.
The contribution of prior wakefulness and circadian timing on subjective sleepiness (KSS) and self-reported driving events (sleep-related events, hazardous driving events, and inattention events) were examined. Cumulative wakefulness prior to each drive was calculated by determining the duration of wakefulness between the last main sleep period (total sleep time ≥ 2 hours) and the start of a drive, minus time spent napping. Linear mixed model analysis was conducted to determine shift and drive direction differences. Drives were then dichotomized into those with <16 hours of cumulative wakefulness and those with ≥16 hours of cumulative wakefulness, and linear mixed model analysis was conducted to analyze differences in self-reported driving events, with cumulative wakefulness as a fixed effect. A cut-off of 16 hours of prior wakefulness was chosen, as it is the typical length of the waking day in healthy adults and has a near-linear relationship with performance impairment [27, 35] .
Circadian phase was calculated from aMT6s acrophase (peak) time, as previously reported [17] . Drive start time relative to aMT6s acrophase was calculated for drives within ±24 hours of a urine collection (n = 262 drives) by subtracting acrophase time from drive start time. Positive values indicate the drive start time occurred after aMT6s acrophase and negative values indicate that drive time occurred prior to aMT6s acrophase. Drives were dichotomized into two categories, based on whether they occurred within or outside of ±3 hours of aMT6s acrophase, to isolate the interval that corresponds with the peak in the circadian rhythm of sleep propensity [31] . The ±3 hour range was adapted from Ftouni et al. [31] , and defined from Lockley et al. [42] , who reported mean ± 2-SD range of aMT6s acrophase in normally entrained sighted individuals as 4.2 ± 2.9 hours [42] . Linear mixed model analysis was used to determine differences in self-reported driving events within ±3 hours of aMT6s acrophase range (adverse circadian phase) and outside ±3 hours of aMT6s acrophase range (outside adverse circadian phase), which was modeled as a fixed effect. Optalert data were not examined relative to acrophase due to the limited sample size of simultaneous Optalert and aMT6s data.
The interaction of circadian phase and wakefulness on selfreported driving events was examined by linear mixed model analysis with phase (adverse and outside adverse circadian phase) and prior wakefulness (< and ≥ 16 hours of wakefulness) as fixed effects.
Results
Data Retention
A total of 504 driving logs were completed during the study; 8.5% (n = 43) were excluded from analysis (n = 33 were not preor postshift drives, n = 4 missing drive start/end times, n = 3 duplicate driving entries, n = 2 riding motorbike, n = 1 stopped at gym). A total of 461 drives were included for analysis, with participants each contributing an average of 13.84 ± 3.11 drives (range = 7-19). The number of pre-and postshift drives for each shift type is reported in Table 2 . On day shifts, 90.9% (n = 30) of the participants reported at least one drive, 87.9% (n = 29) on evening shifts, 84.4% (n = 28) on first night shifts, and 87.9% (n = 29) on consecutive night shifts.
Work logs (458 entries), unit rosters, and payroll were compared for shift start and end times and demonstrated 90.4% agreement on shift type (414 entries). Work logs were used for 93.67% (429 entries) of shifts, payroll records for 5.68% (26 entries), scheduled rosters for 0.44% (2 entries), and 0.22% (1 entry) of shifts could not be determined.
Of the 33 participants who completed data collection, 15.2% (n = 5) had inadequate aMT6s data for all three time points (insufficient number of urine samples for analysis, or poor quality aMT6s rhythm as determined by cosinor analysis). Half (n = 14) of the remaining participants had aMT6s data for all three time points, 25% (n = 7) were missing assessments from day shifts, 17% (n = 5) first night shift, and 32% (n = 9) from final night shifts.
Participants who wore prescription glasses for driving or had a drive time of less than 10 minutes were not fitted with Optalert glasses (n = 12). Of the 21 participants fitted with Optalert, 47.6% (n = 10) were excluded due to poor fitment, resulting in poor signal quality for >50% of all drive sessions. The remaining 11 participants had n = 136 drives, 47% (n = 64) of which were excluded due to poor signal quality throughout the drive. The percentage of ocular data excluded is comparable to that found in previous field studies [24, 35] .
Shift Differences in Sleep
Total sleep time between consecutive night shifts (night shifts 2-6, 5.60 ± 0.18 hours) and before day shifts (5.57 ± 0.18 hours) Downloaded from https://academic.oup.com/sleep/article-abstract/42/6/zsz074/5382317 by guest on 15 February 2020 was significantly shorter than sleep before days off (7.42 ± 0.14 hours), evening shifts (8.09 ± 0.19 hours), and first night shifts (7.38 ± 0.23 hours; p < .001 for all comparisons, Table 3 ). This was consistent with observed differences in total time in bed between consecutive night shifts (6.63 ± 0.20 hours) and day shifts (6.48 ± 0.20 hours); and evening shifts (9.46 ± 0.22 hours), first night shifts (8.87 ± 0.26 hours), and days off (8.82 ± 0.16 hours, p < .001 for all comparisons). No differences were found in total sleep time or time in bed between evening shifts, first night shifts, or days off.
Drive Sleepiness and Performance
Compared with preshift drives, postshift drives on night shifts were associated with significantly higher mean negative IED (p = .02), max PERCLOS (p = .02), mean and maximum % of long closures (p = .04 and p = .01, respectively), and mean and maximum JDS (p = .04 and p = .006, respectively, Table 4 ). Postshift drives on day shifts were associated with significantly higher mean and max PERCLOS (p = .04 and p =.03, respectively) and mean and maximum % of long eye closures (p = .02 and p = .01, respectively) compared with preshift drives. KSS was significantly different between drives pre-and postshift. KSS was highest on postshift drives on evening, first night, and consecutive night shifts compared with the preshift drive. In contrast, preshift KSS was significantly higher prior to day shift compared with postshift drives (p < .001 for all comparisons, Figure 2 ).
There was a significant main effect of drive direction for driving events, with sleep-related events significantly higher postshift on first (p < .001) and consecutive night shifts (p < .001), and hazardous event rates higher postconsecutive night shifts (p = .04, Figure 2 ). No change between pre-and postshift drives was observed in sleep-related or hazardous driving events on day or evening shifts.
When comparing between shifts, percentage of long eye closures (mean and maximum) on postevening shift drives were significantly lower than following day or night shifts (p = .04, p = .008 for day shifts, respectively and p = .02, p = .01 for night shifts, respectively). There were no significant differences in any ocular measures between day and night shifts. KSS was higher prior to day shifts (5.13 ± 0.22) than evening (2.83 ± 0.25), first night (4.03 ± 0.25), and consecutive night shifts (4.12 ± 0.20, p < .001 for all comparisons). Higher KSS was reported postshift on first night (6.90 ± 0.28) and consecutive night shifts (6.46 ± 0.25) compared with day (3.85 ± 0.25) and evening shifts (4.10 ± 0.23, p < .001 for all comparisons).
Preshift drives were not significantly different between shifts for sleep-related or hazardous driving events, however consecutive night shifts demonstrated a significantly higher rate of inattention events on the preshift commute compared with day shifts (2.12 ± 0.45 vs 0.53 ± 0.44, p = .008). Sleep-related event rate postshift was highest on first night shifts (1.59 ± 0.26) compared with consecutive night shifts (1.01 ± 0.22, p = .04), evening shifts (−0.09 ± .20, p < .001) and day shifts (0.12 ± 0.22, p < .001). Consecutive night shifts (2.85 ± 0.52) had significantly higher postshift inattention event rates compared with day (0.69 ± 0.49, p = .01), evening (1.10 ± 0.51, p = .02) and first night shifts (1.26 ± 0.57, p = .02). Predrive KSS was positively associated with sleep-related (r = .35, p < .001), hazardous (r = .15, p = .002), and inattention event rates (r = .16, p = .001).
Prior wakefulness was significantly different between preand postshift drives for all shift types (Figure 3 ). Prior wakefulness on preshift drives was significantly longer on first night shifts (8.33 hours ± 0.38) compared with day (0.68 hours ± 0.28), evening (3.80 hours ± 0.31), and consecutive night shifts (4.19 hours ± 0.26, p < .001 for all comparisons, Figure 3 ). This pattern was the same for postshift drives, with postshift wakefulness longest on first night shift (18.31 hours ± 0.84) compared with all other shift types. Drives with ≥16 hours cumulative wakefulness had significantly higher subjective sleepiness (6.60 ± 0.26, p < .001) and a significantly higher rate of sleep-related (1.18 ± 0.17, p < .001) and hazardous events (0.67 ± 0.18, p = .04) compared with drives with <16 hours cumulative wakefulness, regardless of shift type. Subjective sleepiness pre-and postshift, relative to aMT6s acrophase for each shift type is shown in Figure 4 . There was a significant main effect of circadian phase, with drives that occurred during an adverse circadian phase (<±3 hours of aMT6s acrophase) reporting higher subjective sleepiness and higher rates of sleep-related events compared with drives that occurred outside of this window (p < .001 and p = .04, respectively). There were no differences in inattention events and hazardous driving events between acrophase groups.
To examine the relationship of the circadian and homeostatic processes, subjective sleepiness and driving events were categorized based on whether they were at an adverse circadian phase (<±3 hours and ≥±3 hours of acrophase) and prolonged prior wakefulness (≥16 hours and <16 hours prior wakefulness, Figure 5 ). KSS was significantly different between all four categories: KSS was highest when driving at an adverse circadian phase and following ≥16 hours of wakefulness (7.40 ± 0.46, p < .05 for all comparisons, Figure 6 ). Sleep-related event rates were also higher on drives which occurred after 16 hours wakefulness when compared with less than 16 hours wakefulness, both when at an adverse circadian phase and outside this range (p < .001). Sleep-related event rates were highest when prior wakefulness was ≥16 hours and the drive also occurred at an adverse circadian phase (2.25 ± 0.28). There were no significant differences in inattention or hazardous driving event rates based on circadian timing and duration of wakefulness.
Discussion
This study uniquely evaluated the impact of shift schedules, duration of wakefulness, and circadian timing on sleepiness and driving performance during relatively short work commutes, using both subjective and objective measures in a naturalistic setting. The study demonstrated significant increases in selfreported sleepiness and driving events on the postnight shift commute, when compared with both the preshift commute and to other shift types, in shift working nurses. Sleep-related driving events were highest after the first night shift, compared with consecutive night shifts. The opposite, however, was true for inattention-related driving events, which occurred most frequently after consecutive night shifts compared with the first night shift. Objective measures further demonstrated this increase in postshift sleepiness on night shifts. We demonstrated that differences in subjective sleepiness and selfreported driving events can be explained by a combination of prior wakefulness and circadian timing. Differences in pre-and postshift sleepiness were demonstrated across day, evening, first night, and consecutive night shifts on subjective sleepiness measures, with evening, first night, and consecutive nights all demonstrating an increase in sleepiness postshift. Significantly more long eye closures, higher PERCLOS, and JDS on ocular measures of sleepiness after night shifts compared with preshift further supported this finding. On postnight shift drives, at their most sleepy, driver's eyes were closed for an average of 4.4% of a minute, equating to travelling 74 m with their eyes closed each minute when driving at 100 km/hour, the speed limit on metropolitan freeways in Melbourne. This poses a significant risk to driving, as evidenced by the increased rate of driving events also observed postnight shift. Sleep-related, hazardous, and inattention events all occurred more frequently on postnight shift drives compared with prenight shift drives, consistent with the previous reports of increased adverse driving events after night shift [24] . Given that objective and subjective sleepiness and self-reported driving events are all sensitive to homeostatic changes in sleepiness [24, 35, 43, 44] , increasing wakefulness postshift can likely explain part of this postnight shift increase in sleepiness and impairment. Circadian effects also contributed to the postshift sleepiness and driving events, as postnight shift commutes occurred at 07:36 am. This resulted in 24% of first night and 32% consecutive night postshift commutes occurring at an adverse circadian phase (within 3 hours of aMT6s acrophase), contributing to an increase in driving impairment [11, 12] .
Pre-and postshift differences for day shifts demonstrated a different but expected pattern to night shifts, with higher rating of subjective sleepiness on the commute to work (rather than after work), which often occurred during an adverse circadian phase or at a time when sleep inertia may have not yet dissipated [45] ; on day shifts, the preshift drive occurred during the early morning (mean wake time 06:16 am) and shortly after waking (mean prior wakefulness of 0.7 hours). This means that preday shift drives are likely to be influenced by circadian effects due to drives occurring close to the circadian nadir in alertness, and possible sleep inertia effects. Objective measures of sleepiness, however, showed the opposite trend with ocular measures significantly higher postshift and no differences in self-reported driving events after the day shift. Given that subjective sleepiness was measured predrive, it may show greater influence of sleep inertia effects than objective sleepiness and self-reported driving events which are measured over the duration of the drive, providing more time for sleep inertia effects to dissipate. Alternatively, sleep inertia effects are known to vary dramatically depending on the measure [46] and no sleep inertia effect may be seen in the ocular and self-reported driving measures due to a decreased sensitivity to sleep inertia, particularly as these are both measured during driving, a more cognitively stimulating task than the KSS [46] .
Differences in sleepiness were also found between shift types, with subjective sleepiness highest on postnight shift commutes (both first and consecutive nights) compared with day or evening shifts. Objective sleepiness followed a similar pattern, with significantly longer long eye closures postnight shift compared with evening shifts. Both first and consecutive night shifts also reported a significantly higher rate of sleeprelated driving events than day and evening shifts, however sleep-related events were highest on first night shift compared with consecutive nights. The differences between shifts may be explained in part by differences in prior wakefulness. Prior wakefulness on first (18.3 hours) and consecutive night shifts (14.4 hours) was longer than on day (8.4 hours) or evening shifts (10.8 hours) . This extended prior wakefulness after night shifts may explain the increase in sleep-related driving events, compared with other shift types. Given that after 18.5 hours awake, driving performance becomes impaired to an equivalent level as people with a blood alcohol level of 0.05% (the legal limit in Victoria, Australia), this extended wake episode represents a significant risk to driving performance [28] .
Interestingly, sleep-related events occurred most frequently on the first night shift, whilst inattention events occurred most frequently on subsequent night shifts. Longer prior wakefulness on first night shifts relative to consecutive night shifts ( Figure  3 ) may explain the higher rates of extreme driving events such as falling asleep while driving and struggling to keep eyes open. Extended prior wakefulness following consecutive night shifts, may have resulted in a higher occurrence of distraction, a known consequence of sleepiness [47, 48] . This increased distractibility due to sleep loss also represents a significant risk to driving, with distraction involved in an estimated 21% of motor vehicle accidents on Australian roads [49] . In addition to shift differences in sleepiness and driving events, there were differences in the duration of sleep prior to each shift type. Sleep prior to an evening shift and first night shift was on average the same duration as sleep prior to a day off and was within the daily range recommended for adults by the National Sleep Health Foundation [50] . Sleep prior to day shifts and consecutive night shifts was shortest, with total sleep times of 5.57 and 5.60 hours, respectively. This is shorter than the minimum recommended daily sleep duration for adults (7 hours), and is likely to result in some performance impairment, particularly after multiple days of less than 6 hours of sleep, which can result in chronic sleep deprivation and associated neurobehavioral and attentional deficits [27, 50] . Shorter sleep prior to the day shift is likely explained by the early start time on day shifts, resulting in sleep being truncated due to having to wake early. This problem is further exacerbated when day shifts are preceded by an evening shift, as the late to early transition only allows 9.5 hours between shifts for commute and sleep opportunity [51] .
The interaction of driving after prolonged wakefulness (≥16 hours) and during an adverse circadian phase increased subjective sleepiness, sleep-related and hazardous driving events, demonstrating that subjective sleepiness and driving performance are sensitive to homeostatic changes with sleep [12, 29] . As postnight shift drives were predominantly those with ≥16 hours wakefulness and these drives occurred during the morning, a time associated with driving impairment [12] , the contribution of the circadian phase must also be considered. This study was the first to examine objectively, the effects of measured circadian phase on driving performance in shift workers in a naturalistic setting, rather than the more inaccurate proxy time of day [3, 5, 17] . Circadian phase affected both subjective sleepiness and sleep-related events. When circadian timing and wakefulness were considered together, driving after prolonged wakefulness and at an adverse circadian phase significantly increased subjective sleepiness and sleep-related events, suggesting that both factors need to be considered when assessing sleepiness and sleep-related driving performance impairments. These findings further highlight why postnight shift commutes, when driving after being awake for a long time and at an adverse biological time represented the highest rates of sleepiness sleep-related driving events.
The present study had high ecological validity, as it is one of few studies in shift workers to examine driving under naturalistic conditions. Limitations in sample size and circadian phase variation restricted the analysis of circadian phase on driving performance to dichotomized variables. Due to the naturalistic nature of the study, it was difficult to examine driving performance via objective measures such as lane departures and steering deviation that are commonly used in simulated and track-based driving studies [3, 5] . The objective measures of sleepiness (mean blink duration, JDS) used in the current study have been linked with objective measures of driving performance in simulator studies, providing evidence that these objective measures are appropriate for studying sleep-related driving impairment [52] . Furthermore, all driving event types were positively associated with predrive subjective sleepiness, with sleep-related events showing the strongest relationship, providing further evidence that the self-reported driving events were all sensitive to sleep-related impairment [44] . It is noted that factors such as variability in light conditions between shift types, which are known to affect sleepiness during driving tasks, were not controlled for in this study [53] . We did, however, control for other factors likely to influence sleepiness and driving performance by examining the number of driving events relative to drive duration and controlling for traffic density [3, 24] .
This study demonstrated that sleepiness and driving impairment are increased following a night shift, and are modulated by the circadian pacemaker, duration of prior wakefulness, and interaction of both processes. We demonstrated that these impairments can occur, even during relatively short commutes (i.e. 30 minutes). Increases in sleepiness and driving events after night shift have implications for public safety, putting both shift workers and the public at risk. Differences in the types of impairment associated with the first compared with consecutive night shifts should be a consideration when scheduling multiple night shifts, with countermeasures specifically targeting vulnerability to sleepiness on the first night shift. Given that predrive subjective sleepiness was associated with increased driving events, shift workers were aware of their sleepiness and the potential hazard prior to driving. This awareness provides a target for educational campaigns to educate drivers on the risks of drowsy driving, and that unsafe driving can occur even during a short commute [54] . Future research could investigate the efficacy of sleepiness countermeasures, such as caffeine and/or napping, and alertness monitoring devices for reducing risk of sleep-related driving impairment. Napping in particular should be further examined, as it is one of the most widely recommended countermeasures for drowsy driving. Studies have, however, demonstrated mixed results depending on how naps are implemented, with some studies finding that naps produced no improvement in objective driving performance [55] [56] [57] . The impact of shift work on staff and patients has not Downloaded from https://academic.oup.com/sleep/article-abstract/42/6/zsz074/5382317 by guest on 15 February 2020 been successfully addressed in healthcare systems despite ubiquitous use of shift work. Implementation of programs to address shift work related impairment, such as optimization of shift schedules and education regarding sleep before night shift, could reduce risk for healthcare staff and patients.
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